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WINGS OF ASPECT RATIO 4 

By Kenneth W. Goodson and Albert G. Few, Jr . 
SUMMARY 

An investigation has been made t o  determine the effect  of leading- 
edge chord-extensions on high-lift pitching moment and on performance 
characterist ics at subsonic and transonic  speeb. Three models were 
we:, each  having wings of ident ical  geometry: Go sweepback, aspect 
r a t i o  4, taper r a t i o  0.3, and EACA 65A006 a i r f o i l  sections. The optinnun 
inboard-end location of the  chord-extension (0.656/2) from considerations 
of low-speed high-lift longitudinal  stabil i ty  characterist ics was 
selected from a study of a wing-alone model in the  Langley 3W MPH 7- by 
10-f oot  tunnel. This optimum configuration w a s  incorporated in to  a wing- 
fuselage model and investigated in t h e  Langley high  speed 7- by 10-foot 
tunnel t o  Mach numbers of the  order of 0.93. This investigation  indi- 
cated t h a t  t he  longitudinal s tab i l i ty   charac te r i s t ics  of the m o d e l  showed 
improvements  which decreased a s  a Mach  number of 0.90 was approached. 
In  addition, some data were obtained at high subsonic Mach numbera with 
a --chord fence mounted at the  same spanwise posit ion as the inboard 
end of the optimum chord-extension. This fence was less effective  than 
the chord-extension. The chord-exbension increased  the minFmum drag 
very  slightly at Mach nunibers above 0.80, but generally irqerovedthe 
drag characterist ics at high lift coeff icienta.  Data also were obtained 
through a Mach number range of approximately 0.6 t o  1.10 by the use of 
a small semispan model. The resu l t s  of this investigation  agreed quali- 
t a t ive ly  with the larger Mng-fuselage-model results in regard t o  bene- 
f i c i a l   e f f e c t s  of chord-extensions on the pitching-moment characterist ics 
below a Mach number of 0.93. Moreover, n i th  the  exception of a &h 
number of 0.95, the small semispan-model results  indicated  benefit? up 
t o   t h e  highest t e s t  Mach m e r  (1.101. Increasing  the overhang of the 
chord-extension from 10 t o  15 percent oT the  mean aerodynamic chord 

8 resulted in fur ther  improvement i n  the higher-l if t  pitching-moment char- 
' ac te r i s t i c s  at all Mach &ers  investigated  but also caused a larger 

forward shift  i n  aeroaynamic center at low 12% coefficients . 
.I 
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Many current airplan 

INTRODUCTION 

le designs  having th in  sweptb lack w i n g s  have 
exhibited  undesirable  stability  characteristics in  the high-lift range 
as a resul t  of flow  separation  over the wing t i p s .  Flow surveys have 
shown t h a t  t i p  separation is 4trongly  influenced by a leading-edge sepa- 
ra t ion vortex being  generated on the upper surface of the wing. (See 
refs. 1, 2, and 3 fo r  more details on this type  of flow phenomena.) Low- 
speed  wind-tunnel tests (refs. 3 and 4) have shown tha t  the high-lif t  
s tab i l i ty   charac te r i s t ics  could  be imgroved  by causing the leading-edge 
separation  vortex  to shed from the w i n g  before growing large enough t o  
cause t i p  separation. Thfs controlled shedding of' the leading-edge vor- 
tex can be effected by m e  of a physical  barrier such as a fence o r  by a 
chordwise discontinuity such as a chord-extension, which seems t o  provide 
&II aerodynamic ba r r i e r   t o  the growth of the leading-edge vortex. 

c 

Although low-speed results of several  iwestigat  ions of chord- 
extensions are available, l i t t l e  Wormation exists pertaining to the 
effects  of chord-extensions on high-subsonic and transonic aerodynamic 
characterist ics.  The purpose of the present  iwestigation,  therefore, 
was t o  determine t o  what extent the gains  realized through the use of 
chord-extensions at low speed are  retained throughout the subsonic and 
transonic speed range. In  t h i s  investigation it was found expedient t o  
use three models of identical  wing geometry; that  is, 4.5' sweepback, 
aspect  ratio 4, taper   ra t io  0.3, and NACA 65A006 airfoi l   sect ions.  The 
optimum low-speed inboard-end location of the chord-extension was devel- 
oped from a study of 8 wing-alone Model i n  t h e  Langley 300 MPE 7- by 
10-foot  tunnel. This opt- conf'fgurat ion was incorporated  into a 
wing-fuselage model and investigated in the Langley  high-speed 7- by 
IO-foot tunnel t o  Mach numbers of the  order of 0.93, The high-speed 
resul ts  were further extended t o  a Mach number of 1.10 by use of a small 
semispan w i n g  model. In addition, comparative data were obtained 
at high Subsonic speeds with a full-chord  fence fixed on the  wing-fuselage 
model at the same location as tha t  used for the  inboard end of the 
leading-edge  chord-exbemion. A par t i a l  BUIIIID&ZY of the present  investi- 
gation is included Fn reference 5. 

s 

SYMBOLS 

CL 

CD 

l i f t  coefficient, LWt  
ss 

t '  

. 
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pitching-moment coefficient  referred t o  0.25c', 
Pitching moment 

qSE 

root bending-moment coefficient due t o  l i f t ,  moment 
q S b  

2 2  

maximum lift-drag r a t i o  

wing 

mean 

area based on wfng area without  chord-extensions, sq ft 

aeroaynamic chord of win@;, - 

l oca l  wing chord, pa ra l l e l  to plane of symmetry, ft 

ft 

spaswise distance from plane of symmetry, f t  

la teral   center  of pressure,  percent semispan, 100 - CB 
CL' 

where CB is measured from CL = 0 

effective dynamic pressure, - p r J  lb/sq ft 

air density,  slugs/cu ft 

stream velocity over span of model, f t / s ec  

effective Mach number over span of model 

loca l  Mach  number 

average chordwise Mach  number 

mean t e s t  Reynolds number of w i n g  based on E 

mgle of a t tack of fuselage  center line and wing chord 
l ine ,  deg 
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MODELS AND APPARKCUS 
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The w i n g s  tested had 45' sweepback referred  to  the quarter-chord 
line , an aspect  ratio 4, taper   ra t io  0.3, and NACA 6SAOO6 airfoil sec- 
t ions   para l le l   to   the   f ree  stream. 

A wing-alone configuration,  tested  in the Langley 300 MPE 7- by 
10-foot  tunnel on a single-strut  support,  incorporated  chord-extensions 
having 0.1Oc' overhang and various inboard-end locations. (See f ig .  1. ) 
The chord-extensions were fabricated in such a manner as to maintain t h e  
original contour of the wing-nose section. One chord-extension,  having 
a 0.10c' overhang at its inboard-end (0.65b/2 position) and taper ing  to  
zero overhang at the t i p ,  also was tested.  (See f ig .  l (a ) . )  

The chord-extension  having an optimum Inboard-end location of 
65-percent wing senispan (as determined from a consideration of low- 
speed longitudinal  stabil i ty  characterist ics) and a O.LOE overhang was 
incorporated on a wing-fuselage model and was tested on the sting support 
in the Langley  high-speed 7- by 10-foot tunnel ( f ig .  2 ) .  Ihe chord- 
extension of this model was made by cutting the w i n g  along the 0 . 2 0 ~   l i n e  
and.using an insert t o  extend the  nose section forward 0.1OE.  The two 
segments of the airfoil (nose and trailing-edge  sectione) were faired 

as shown by figure 2(a) . A 1 - inch-thick  dural  fence  (fig. 2(a) ), 

located at the 65-percent semispan position of the wing, was also tes ted 
on the wing-fuselage model. Fuselage  ordinates  for  the model are given 
in   t ab l e  I. 

. 
16 

In  order to extend  the  investigation t o  higher  transonic  speeds, a 
small semispan --alone model ( f ig .  3) was f i t t e d  wi%h 0.10E and 0.15.5 
chord-extensions (inboard end located at the 65-percent  semispan  posi- 
t ion)  and was t es ted   in  the presence of a reflection-plane  plate  in the 
Langley  high-speed 7- by 10-foot  tunnel. It should be pointed out that 
the reflection-plane model had previously been used in several  investi- 
gations in  which par ts  of the model were physically  altered and that t h i s  
model was restored as closely as poesible to its original  condition. 
The chord-extensions of the semispan model were fabricated by soldering 
a sheet-metal "glove" over the wing leading edge In such a manner as t o  
maintain the thickness  distribution of the  original nose section. The 
glove was faired  tangent  to  the  original airfoil section as s h m  in 
figure 3 ( a ) .  
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Wlng-Alone Model 

. 

The wing-alone model was teated on the single-strut support i n   t he  
Langley 300 MET 7- by 10-foot tunnel at a Mach  number of about 0 .IT, 
which corresponds t o  a Reynolds ntmiber of about 1.62 x 10 based on the 
mean aerodynamic chord of the wing fo r  average test conditions. Tests 
were made through an w e - o f  -attack range frm about -4' t o  30°. 

6 

Wing-Fuselage Model 

The sting-supported  wing-fmelage model w a s  tes ted in the  Langley 
high-speed 7- by 10-foot  tunnel through a Mach rider range of amroxi- 
mately 0.4-0 t o  0.93 and through an angle-of -attack range of about -2O 
t o  24O. The variation of' Reynolds number through the Mach number range 
is sham in figure 4. 

Semispan Model 

The mall. semiepan model was tes ted in the Langley  high-speed 7- by 
10-f oot tunnel  through a Mach number raage of approximately 0.60 t o  1 .lo. 
The model was mounted on a reflection-plane  plate  (fig . 3 (a) located 
3 inches from the  tunnel w a l l  i n  order to by-pass the  tunnel-wdl bound- 
ary  layer. At the higher tunnel air speeds, the  presence of the 
reflection-plane  plate  created a high-local-velocity field which allowed 
tes t ing   the  smdl model up t o  a Mach der of about 1.10 before chokiag 
occurred in  the tunnel. The effective test Mach numbers in the longi- 
tudinal plane were obtained from colrtour charts similar t o  those shown 
i n  figure 5 by the use of the  relationship 

Gradient 8 i n   t he   ve r t i ca l  plane were found t o  be Bmau. For  a more 
detailed  description of the t e s t  tedhniques  used in conjunction with the 
reflection-plane model, see reference 6 .  
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CORREETIONS 
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With the  exception of a fuselage  base-pressure  correction t o  the 
drag of the  wing-fuselage model, no corrections  for model-support tares 
have been applied t o  the  present results. For the  wing-fuselage model, 
the corrected  drag data are  applicable t o  a condition of free-stream 
static  pressure at the  f'uselage base. From past  experience, it is 
expected that the  influence of the  s t ing support used with the w i n g -  
f'uselage Model is neafg ib le  w i t h  regard to lift and pitching moments. 
The s ingle   ver t ical  support used with the wing-alone model may have had 
SignFTicant tare  effects;  however,  such effects  should  not a l t e r  the 
comparative value of results  obtained with the  various  modifications. 
It is  assumed that no tare effects  existed  in the case of the mall semi- 
span model. The data obtalned from all three model setups have been 
corrected  for  tunnel  air-flow misalinement . 

Wing-Alone  Model 

In  order t o  account f o r  flow-constriction  effects w i t h  the wing- 
alone model in the  tunnel, blockage correctiom were applied by the 
method  of reference 7. The angle of attack and the  drag aata of this 
model were corrected for  jet-boundary effects  by the method of refer- 
ence 8. The jet-boundary  correction t o  the  pitching moment waa con- 
sidered  negligible and therefore was not  applied.  Corrections for ver- 
t i c a l  buoyancy on the  support strut and f o r  longitudinal  pressure  gradient 
have  been applied. 

Wing-Fuselage Model 

Blockage corrections were applied t o  the  sting-supported wing- 
fusebge model resul ts  by the method of reference 7. Corrections f o r  
jet-boundary e f fec ts   to  the  angle of attack and drag were applied in 
accordance with reference 8. The jet-boundary corrections  to the pitching 
moment were considered  negligible and therefore were not  applied. 

Semispan Model 

Blockage and jet-boundary  correctiona t o  the  semispan-model data 
have not been evaluated because the boundary conditions t o  be sa t i s f ied  
a re  not rigorously  defined. However,  inasmuch as the  effective flow 
f i e l d  is quite  large compared t o  the model s i z e ,  these corrections are 
believed t o  be small. 
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RESULTS ANTI DISCUSSION 

Presentation of Results 

The results of the low-speed t e s t s   t o   s e l ec t   t he  opt- inboard- 
end location on the wing-alone model are presented in  figure 6. Data 
obtained  throughout t he  subsonic speed  range on the wing-fuselage model 
are  presented in figure 7, and the results of t he  small-semispan-model 
investigation at t ramonic speeds are  given in figure 8. Figure 9 pre- 
sents a summary of some of the aeroaynamic parameters obtained from the  
various models. 

As already  pointed  out the small semispan model had previously  been 
used in  several  investigations in which par ts  of the model were physically 
altered.  In order to o b t a b  some insight on the   effects  of chord  exten- 
sion at higher  transonic speeds, this model w a s  restored as closely as 
possible t o  i ts  original  condition. Because of the l o w  Reynolds number, 
possible residual asymmetry associated w i t h  the  restoration of the model, 
and possible  inaccuracies of instal l ing  the m&l chord-extensions, t he  
data obtained  are  considered to be of questionable  quantitative  value, 
altbough  the data should be valid f o r  quali tative  interpretation. 

D . - .  

Low-Speed  Development - 
The resu l t s  of the low-speed t e s t s  of the basic wing-alone configu- 

rat ion  (fig. 6) indicate a pronounced unstable  tendency at lift coeff i- 
cients  greater  than 0.5. All leading-edge  extensions  investigated 
improved the high-l i f t  pitching-moment characterist ics.  However, of the 
extensions  investigated, an inboard-end location of 0.6%/2 appeared 
about optimum in that it provided a fa i r ly  l inear   var ia t ion of & 
with a or  with CL t o  the stall., w i t h  about neutral  s t a b i l i t y  at the 
stall. The improvement in the flow over the outboard wing sections with 
chord-extensions installed is further shown by an increase in 1st at 
the higher angles of attack. The pitching m n t s  noted at zero angle 
of attack are believed t o  be caused by model-support tares;  however, 
such effects  should  not a l t e r   t he  comparative  value of results  obtained 
for the various configurations. 

The effect  of chord-extension qlan form is sham i n  figure 6(b). 
From the  results, it appears that the  tapered  extension  (having  the game 
inboard-end  dimension as the optimum constant  chord-extension  but  tapering 
t o  zero overhang at the  t ip)   re ta ined most of the  gains of the  extension 
w i t h  constant overhang. This resul t  might be expected inasmuch a8 other 
investigations ( for  example, re f .  4) have indicated that the  hboard-end 
location of the chord extension  largely determines its effectiveness. 
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High-speed Characteristics 

P i t ch ing  moment .- The basic wing-fuselage model  showed unstable 
tendencies at lift coefficients above 0.5 throughout most of the sub- 
sonic  speed range ( f ig .  7) similar t o  that shown at low speeds f o r  the 
wing-alone model. Util ization of the  chord-extension that was selected 
from the low-speed investigation delayed the  instability  to  considerably 
higher lift coefficients and angles of  attack, although the  departure 
from l inear i ty  is s t i l l  far from desirable., A t  Mach numbers near 0.9, 
it appears that the gains due t o  the chord-extension are quite mall. 
The effects  of replacing  the  chord-extension with a full-chord  fence 
located at the 65-percent semispan position were a lso  determined f o r  
several Mach numbers, and it is apparent t h a t  the fence  generally is 
somewhat less  effective.  Chord-extensions (0.10E) or  fences had essen- 
t i a l l y  no effect  on the s tab i l i ty   charac te r i s t ics  at lift coefficients 
below 0.4 as shown by the wing-fuselage results. (See f i g .  7.) 

The resul ts  of a transonic  investigation on the mall semispan 
model having the same plan form as the  wing-fuselage model are presented 
in   f igure  8. The small model data wi th  a 0.10E chord-extension are in 
qualitative agreement wi th  the  wing-fuselage resu l t s  at Mach numbers 
below 0.9 and, except fo r  M = 0.95, indicate -roved  pitching-moment 
characterist ics up to the highest Mach number (M = 1.10). Increasing 
the overhang of the chord-extension from 0.10E t o  0.15E resulted in 
further improvements i n  high-lif t  pitching-moment characterist ics at all 
Mach numbers, particularly at the higher speeds.  Increasing the chord- 
extension overhang also moved the aerodynamic center forward, and t h i s  
movement became progressively  smaller w i t h  increase  in Mach dumber. 
(gee f ig .  8.1 

L i f t  characteristics.- A t  the  higher  angles of attack,  the  increases 
i n  lift coefficient of the wing-fuselage model a t t r ibu tab le   to  the exten- 
sion  are somewhat greater  (f ig.  7) than would be expected from considera- 
t i o n  of the 4-percent increase in  w i n g  area. The fence produced very 
l i t t l e   e f f e c t  on the lift characterist ics.  The effect  of  chord-exbemiom 
on the l if t-curve slopes is shown i n  flgure 9. 

Through most  of the subsonic speed range, the data obtained with 
the BmaLl semispan model indicate that the lift coefficients at a given 
angle of attack are increased  approximately in  proportion t o  the area 
r a t i o s   i n  the high-l i f t  range. A t  Mach numbers  above M = 0.9, how- 
ever, the gains  in lift coefficient are slightly greater  than  indicated 
by the area ratfos.  Although the emall semispan model bending-moment 
data (f ig .  8) are  rather scattered, it appears that the center of lift 
is somewhat farther outboard (as shown by the lateral.  center-of-pressure 
data ( f ig  . 9 )  ) f o r  the w i n g  with chord-extensions installed than f o r  the 
basic w i n g ,  particularly at the higher lift coefficients. This Mi- I 

cates  that  a considerable portion of the gains In longitudinal  stabil i ty 
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previously  discussed are traceable t o  a larger proportion of the  t o t a l  
load being  carried by the wing t i p s .  It should be further noted from 
the bending-moment data that the structural &sign  loads at the wing 
root  would be increased by the use of chord-extensions. 

Drag characterist ics.  - The results  presented in figure 9 indicate 
that addition of the chord-extension  generally  increased  slightly  the 
drag a t  zero lift for the win@;-fuselage model, par t icu lar ly   a t  high Mach 
numbers. This increase is primarily  responsible f o r  the 20-percent 
decrease in the m a x ~ ~  lift-drag ra t io  at M = 0.93. The limited wing- 
fuselage  fence  data  indicate a performance reduction similar t o  t ha t  
obtained with the chord-extension a t  a Mach  number of 0.9. A t  the  higher 
lift coeffieients,  the  chord-extension *roved the  drag characterist ics 
fo r  all models. 

CONCLUDING REMARKS 

A n  investigation  has been made t o  determine the  effects  of leading- 
edge chord-extensions on high-lift s tab i l i ty   charsc te r i s t ice  and on per- 
formance characterist ics at subsonic and transonic  speeds of models 
having wings with bo sweepback and aspect  ratio 4. From tests of' a 
wing-fuselage model at high  subsonic  speeds, it was found that the opti- 
mum chord-extension  configuration  (&-percent semispan inboard-end loca- 
t ion)  developed from a preliminary low-speed study produced gains  in  longi- 
t ud ina l   s t ab i l i t y  at the higher lift coefficients that W i s h e d  w i t h  
increasing Mach number. A t  a Mach nunder of 0.9, the  inrprovements  were 
quite smal l .  A full-chord fence  located at the same spanwise location 
as the inboard end of the optimum chord-extension w a s  less   effect ive in  
Fmproving the   s tab i l i ty   than  was the chord-extension. The chord-extension 
increased  slightly  the m i x h u m  &rag at Mach numbers above 0.80 but gen- 
e ra l ly  improved the drag characterist ics at high lift coefficients.  

The resu l t s  of a  transonic  investigation of  a small-scale  emi is pan 
model having the same plan form as that of the wing-fuselage model were 
in  quali tative agreement with the  large model results i n  regard t o  bene- 
f i c i a l   e f f ec t s  of chord-extensions on the pitching-moment characterist ics 
below a Mach m e r  of 0.93. Moreover, with the  exception of the data 
f o r  a Mach  number of 0.95, the 6maU"semispan-rnodel results  indicated 
gains up t o  the highest Mach  nurmber (1.10) attained.  Increasing  the 
overhang of the  chord extension f r o m  10 t o  15 percent of the mean- 
aerodynamic chord resulted in fur ther  Fmprovement i n   t h e  hfgh-l i f t  
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pitching-moment characteristics at a l l  Mach numbers investigated,  but 
also caused a larger forward shiFt in  aerodynamic center at low lift 
coefficient0 . 
Langley  Aeronautical  Laboratory, 
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4.00 
4.22 

Taper ra t i o  630 
Air fo i /  see fion pufa//el 

t o  free stremn NACA 6 5 A 0 0 6  

(a) Geometric characteristics of test model. A l l  dimensions a r e  in inches. 

Figure 1. - Wing-alone configuration. 



I c . 

(a) Test model mounted on single support in the Langley 300 MPH 7- by 
10-foot tunnel. 

Figure 1.- Conclude& 
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Pbysi2al Cbaracterisfics 

Win9 
Asp& ratio 4.00 
Areo,sq fi 225 
Taper ratio 030 
/ncMwce,dipp 0 
Dihdral, & 0 
Airfoil mtlon parallel 

to free stream NACA 6 5 A  006 

(a) Geometric characterietice of test model. A l l  dimensions are in  inches. 

Figure 2. - Wing-fuselage configuration. 

. 



(b) Teat model mounted on the at- auppor'b in the Langley high-speed 
7- by 10-foot tunnel. 

Figure 2.- Concluded. 



2.750 
0.25 

Physical Characteristics v 
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Figure 4.- Variation of mean test Reynolds number w i t h  Mach number f o r  
the variotm model configuratfons. 
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Figure 5.- Typical Mach number contours  over the slde-wall reflection- 
plane plate  in the v i c in i ty  of the semispan model. 
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(a)   Effect  of inboard-end  location of chord-extension. 

Figure 6.-  Effecta of chord-extensions on the  low-speed aerodynamic 
characterlatica of the  wing alone. Chord-ex-beneion extenas t o  w i n g  
t i p ;  chord-extension, 0.lOF; M = 0.17. 
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(b) Effect  of chord-extension plan forme; inboard end a t  0,65b/2. 

Figure 6 , -  Concluded. 
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Figure 7. - Effects of chord-extensions and a wing fence on the  aerc 
character is t ics  of t he  wing-fusela e model. Chord-extension of 
w i t h  inboard-end location a t  0.6372. Fence location, 0.6513/2. 
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Figure 7.- Continued. 
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c Figure 8.- Effects of chord-extensions on the aerodynamic characterist ics 
of the semiepan model. Chord-extension  Inboard-end location a t  0.6513/2. - 
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Figure 8.- Continued. 
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Figure 8.- Concluded. 
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Figure 9. -  Summary of aerodynamic character.htics. Chord-extension 
inboard-end locat ion, 0.63/2. 
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